Combining tissue-phantom ratios to provide a beam-quality specifier for flattening filter free photon beams.
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Introduction
Clinical linacs operating in flattening filter free (FFF) mode have been available for some time. More recently, modified conventional linacs, i.e. the TrueBeam beam unit from Varian and the VersaHD from Elekta, have been released with the capability of operating in flattening filter free mode. The main reason for the introduction of these beams is the increased dose rate but there are also other advantages such as reduced lateral beam-quality variation and a reduced head-scatter dose to the patient [1] [2] [3] [4] [5] .
When the beam hardening flattening filter is removed the lateral fluence fall-off reduces the dose contribution from phantom scattered photons, which affects the attenuation properties of the beam. The spectral composition of the beam is also altered due to the different spectral filtration. The impact of these effects on the ability to predict Spencer-Attix restricted waterto-air mass collision stopping-power ratios ( ̅ ⁄ ) i w e based on TPR 20,10 in IAEA's TRS-398
Code of Practice 6 and %dd (10) x in AAPM's TG-51 7 have previously been studied 8 . In this study by Xiong and Rogers it was found that the relation between the beam-quality specifier %dd (10) x and ( ̅ ⁄ ) i w e still holds for FFF-beams with a worst case error of 0.4 %, even if the relationship could be adjusted to increase the accuracy 8 . However, the authors also reported that when using TPR 20,10 to determine ( ̅ ⁄ ) i w e , deviations of up to 1 % could be expected, and recommended that it should not be used for FFF beams without corrections.
The beam-quality specifier TPR 20,10 is a measure closely related to the mean attenuation coefficient of a photon beam. However, it is not very sensitive to the spectral variance of the incident photon beam 9, 10 . For beams without a flattening filter the photon energy distribution along the central axis will generally be broader 1 . In Fig. 1 , tissue-phantom ratio profiles for two beams, both with and without a flattening filter, but with similar TPR 20,10 , are shown. The different spectral composition and the reduced dose component from laterally scattered photons in FFF beams leads to different attenuation properties.
Our group has previously described and investigated a more general dual-parameter beamquality specifier 11 . The advantage of this parameter is that not only the mean energy of the spectrum is taken into account, but also the wider energy distribution. It was shown that this novel beam-quality specifier was able to more accurately predict ( ̅ ⁄ ) i w e for FFF beams in narrow beam geometry. In the current study we investigated if a simple extra measured parameter, TPR 10, 5 , can provide this additional information, and together with TPR 20,10 be used to increase the accuracy of assigning ( ̅ ⁄ ) i w e to beams without a flattening filter in broad-beam geometry in the energy range of 6 MV to 10 MV.
Material and Methods
Three different models of medical linear accelerators have been used for Monte Carlo simulations using the EGSnrc-package (V4-r2-3-2) 12-14 : Elekta Synergy, Elekta Precise and Varian TrueBeam. The treatment head geometry of the Elekta Synergy, based on specifications provided by the vendor, was modeled in BEAMnrc. For this model, three different beam filters were simulated: the conventional 6 MV flattening filter, a 6 mm thick copper plate and a 2 mm thick stainless steel plate. For each of these configurations six incident electron energies were used (see Table I the collimating jaws, were used as inputs to BEAMnrc where the particle transport to a plane below the jaws was simulated. The jaws were modeled according to specifications from the vendor.
Calculations of TPR 20,10 , TPR 10, 5 and %dd (10) x were performed in DOSRZnrc. For Elekta Precise and Varian TrueBeam, phase space files scored at SSD 80 cm, 90 cm, 95 cm and 100 cm were used as inputs for the simulations. When calculating %dd (10) x only the photon part of the phase space file at SSD 100 cm was used. In the Elekta Synergy simulations the full BEAMnrc simulation was used as a direct input to the dose calculations except for the calculations of %dd (10) x where a phase space scored at SSD 100 cm was used. For TPR and ( ̅ ⁄ ) i w e calculations the scoring voxels had a radius of 1 cm and a depth of 0.5 cm. In order to reduce the statistical uncertainty in the TPR simulations, fourth degree polynomials were fitted to the depth dose curves in the range of ±5 cm around the two deepest points of interest (10 cm and 20 cm depth) and from 5 to 10 cm depth for the most shallow dose point at 5 cm depth. These polynomials were then used to calculate the dose in the points of interest. In order to increase the accuracy in the maximum dose when calculating %dd (10) x , the sampling depth was set to 0.2 cm for depths down to 4 cm and 0.5 cm from 4 cm depth to a depth well beyond 10 cm, while the radius of the voxels was kept at 1 cm. For all ( ̅ ⁄ ) i w e simulations a phase space scored at SSD 100 cm was used as the input source.
For the Elekta Synergy model used as input to DOSRZnrc, directional bremsstrahlung splitting was employed with a splitting radius of 12 cm at SSD 100 cm and a splitting number of 1000, with a rejection plane 10 cm above the scoring plane. The phase spaces at SSD 100 cm intended for the SPRRZnrc calculations of ( ̅ ⁄ ) i w e was generated using uniform bremsstrahlung splitting with a splitting number of 20 and without Russian roulette. Pair angular sampling was set to the complete modified Koch-Motz distribution and the XCOM photon cross-sections and NIST bremsstrahlung cross-sections were used in all simulations.
The remaining parameters were left at their default values. In simulations using BEAMnrc, the energy cut-off was 10 keV for photons and 711 keV for electrons, including the rest mass.
In DOSRZnrc and SPRRnrc simulations the photon cut-off was 10 keV, while the electron energy cut-off was lowered to 521 keV and no range rejection was performed.
The calculated data were fitted to a simple bi-linear equation according to ( ̅ ⁄ ) i w e =a 1 +a 2 (TPR 20,10 ) +a 3 (TPR 10,5 ).
(1).
The constants a 1-3 were determined by least-square fitting of the data.
Results
Tissue-phantom ratios for two beams, one with and one without a flattening filter, are shown in Fig. 1 . For these two beams the calculated TPR 20,10 is 0.16 % lower for the FFF beam, which is within the estimated uncertainty, while ( ̅ ⁄ ) i w e is 0.2 % lower. As shown in the figure, attenuation properties of the photon beams are different at shallower depths due to the broader energy distribution for the flattening filter free beam, and the difference in lateral scatter. This difference is more easily observed using TPR 10, 5 , which is 1.2 % higher for the conventional beam. The spectral distributions of the two beams are shown in Fig. 2 .
For the 24 photon beams (10 with and 14 without a flattening filter) used in this study, ( ̅ ⁄ ) i w e , TPR 20,10 and TPR 10,5 were calculated and the results are presented in Table I (10) x and less than 0.01 % for ( ̅ ⁄ ) i w e . The assigned letter to each beam is used as reference in Figure 5 . † Mean incident electron energy that produces photon beams in agreement with measurements at the department of medical physics, Skåne University Hospital, Lund, Sweden. 1)) are shown as circles (in a 3D-representation with an additional axis for TPR 10, 5 , these data would appear on a plane surface).
For the conventional beams, the deviation between TRS-398 predicted values and Monte
Carlo calculated values is small, with a RMSD of 0.0009 and a largest deviation of 0.0022 for the Elekta Precise The calculated values of ( ̅ ⁄ ) i w e and %dd (10) x for all beams are presented in Table I 
Discussion
Current dosimetry protocols such as the IAEA TRS-398 Code of Practice and AAPM TG-51
have not primarily been developed for lightly filtered beams such as flattening filter free beams. In this work, we have investigated how the relationship between the beam-quality specifiers TPR 20,10 , %dd (10) x and Spencer-Attix mass collision stopping-power ratios is affected by the replacement of the flattening filter with a flat metal plate of different thickness. Monte Carlo simulations performed in the mid-eighties showed that for beams with the same mean attenuation coefficient (a measure closely related to TPR 20,10 ) but with different spectral distributions, the stopping-power ratios were affected 9 . This was later studied through graphite calorimetry at NPL ‡ where flat beams with different filtration changed the relationship between TPR 20,10 and ion-chamber calibration factors 10 . A previous study 8 found that the relationship between %dd(10) x and ( ̅ ⁄ ) i w e used in AAPM TG-51 still holds for flattening filter free beams. The same study also showed that using TPR 20,10 as a beam-quality specifier for FFF beams the predicted ( ̅ ⁄ ) i w e differed by up to 1 %. This may have caused an uncertainty about the use of this quality index for the now clinically available FFF-beams.
In this study the largest difference in predicting ( ̅ ⁄ ) i w e for flattening filter free beams, using the relationship in IAEA TRS-398, was 0.4 %. This is the same difference as Xiong and Rogers (2008) reported as the smallest difference between flattened and unflattened beams at the same TPR 20,10 . One explanation for this is the presence of a metal plate in the FFF beams included in this study, which is more relevant for clinical beams. Clinical FFF beams pass through a metal plate, which acts as a build-up plate for the monitor ion-chamber and also filters out electrons that may have passed through the target 20, 21 . It is also important to point ‡ National Physics Laboratory | Hampton Road, Teddington, Middlesex, TW11 0LW out that in the study by Xiong and Rogers the energy range of the investigated beams was 4
MV to 25 MV. The difference in ( ̅ ⁄ ) i w e at the same TPR 20,10 found in this study is close to the largest chamber specific and field dependent beam-quality correction factor for a lightly filtered beam measured at NPL (0.6 % for a 4 MV lightly filtered beam) 22 .
The average difference between Monte Carlo calculated and TRS-398 predicted ( ̅ ⁄ ) i w e was only 0.3 % for flattening filter free beams in our study (RMSD 0.0028). This small deviation can be further improved by using an additional specifier, TPR 10, 5 , based on which a simple bi-linear equation provides a more accurate prediction regardless of beam filtration in the investigated energy range. We have previously demonstrated that a beam-quality specifier that takes into account both the mean energy and the energy distribution of the photon beam spectrum can be used to accurately predict stopping-power ratios for beams with different filtration 11 . In the present study it has been shown that the addition of TPR 10,5 accounts for these different attenuation properties for both conventional and flattening filter free beams. If possible, this parameter can be determined at the same time as the other two measures (TPR 20 and TPR 10 ) for the standard beam quality. It is important to note that in this study photon beams in the energy interval 6 MV to 10 MV have been studied. For beams in a larger interval it is probable that a higher order polynomial will be needed and Eq. 1 may not be valid. established. This is a problem that has been previously studied 23, 24 . A method for estimating TPR 20,10 for a 10x10 cm 2 reference field based on measurements for arbitrary field-sizes has been proposed by Sauer 23 . In this paper it was suggested that the model could be used for flattening filter free beams and data showing this was provided for a TomoTherapy unit, for which a 10x10 cm 2 reference field is not possible to deliver. Sauer found that by correcting the field size for the lack of lateral scatter using scatter-radius data from BJR Suppl. 25 25 revised version of the method proposed by Sauer 23 is used to correct the TPR 20,10 value measured in non-standard conditions. In that protocol, correction is made for the field-size only and not for the beam quality.
Conclusion
In this work we have investigated the relationship between beam-quality specifiers in current
Codes of Practices (TPR 20,10 in IAEA TRS-398 and %dd (10) x in AAPM TG-51) and
stopping-power ratios for photon beams with and without a filter in the energy range of 6-10
MV. The average difference from the fit of ( ̅ ⁄ ) i w e and TPR 20,10 used in IAEA TRS-398 was only 0.3% for the flattening filter free beams in this study. Using this relationship on the regular beams gave a RMSD of 0.0009 to our Monte Carlo calculated values. We have also investigated how the additional parameter TPR 10,5 , together with TPR 20,10 , can be used to more accurately predict ( ̅ ⁄ ) i w e . The model relating stopping-power ratios to this dual beam-quality specifier gave a RMSD of 0.0006 to Monte Carlo calculated ratios for all 24 beams used in this study. The relationship between ( ̅ ⁄ ) i w e and %dd (10) x proposed by Xiong and Rogers gave a RMSD of 0.0008 for the flattening filter free beams in this study and a RMSD of 0.0026 for conventional beams.
